In this study carnauba straw powder was submitted to chemical treatments using alkali (NaOH) or hexane, in order to increase its hydrophilicity and to investigate its potential use for the development of a biodegradable composite. Biocomposites were prepared in solution, using carnauba straw powder and chitosan as matrix, with powder contents of 10 and 50 wt %. Both, straw powder and biocomposites, were characterized by chemical composition analysis, FTIR, TGA, DSC and SEM. According to the results, the chemical treatment using NaOH was efficient in removing the soluble components of the powder and cleaning its surface. DSC analyses demonstrated that the addition of high powder loadings does not reduce the thermal stability of the composite. The elastic modulus of the biocomposites obtained with 10 wt % of untreated carnauba powder remained unaltered, decreasing for a filler content of 50 wt %. The effect of NaOH chemical treatment was more evident for the composite with 50 wt % of powder.
Introduction
The species copernicia prunifera (Miller.) H.E.Moore, 1963, widely known in Brazil as carnaubeira, is a palm tree often occurring in the northeast of the country. The study of this lignocellulosic material has the potential to generate a whole new set of applications, such as in the preparation of biocomposites. In fact, the crescent interest in the use of lignocellulosic materials in biocomposites has been driven by their low specific weight, that provides lighter materials, with higher strength and rigidity [1, 2] , as well as lower equipment damage, when compared to fiberglass reinforced composites [3] . Besides, biocomposites are completely degraded in soil or by composting processes [4, 5] . An increase in environmental awareness has led scientists to produce biodegradable composites that consist of biopolymers as the matrices and natural fillers as reinforcement [6] . Chitosan, a versatile biopolymer of interesting structure and remarkable properties such as biocompatibility, biodegradability, availability from stable renewable sources, low immunogenicity and biological activity as well as the ability to form films and membranes [7] , stands out as a potential choice for these systems. This macromolecule consists of a linear copolymer composed by glucosamine and N-acetylglucosamine units, obtained by deacetylation of chitin, a natural polymer found in the exoskeleton of arthropods and fungi [7, 8] . Its physico-chemical characteristics give rise to applications encompassing health care (dietary fiber, drug release, tissue engineering matrices), water treatment (membrane filter), food packaging (edible coating), agriculture, among others [9] . There is plenty of work on reinforcement of polymers using natural fillers without changing their inherent properties [10] [11] [12] [13] [14] [15] [16] [17] . Although the use of lignocellulosic materials in composites has widely been reported in the literature, to our best knowledge no work using materials derived from carnauba in the preparation of composites with chitosan has been related. Besides, both chitosan and carnauba are plentiful, relatively cheap, renewable, biodegradable and relatively non-toxic and sustainable products: the association of these materials would result in the possibility of a new range of biocomposites, with new technological applications such as automobilist area, package industry and artificial wood. Therefore, the aim of this work is to evaluate the influence of carnauba straw powder incorporation (chemically treated or not) on the reinforcing of a chitosan matrix.
Experimental

Carnauba straw powder preparation
Carnauba straw was kindly provided by a handcraft community located in the state of Rio Grande do Norte, in the northeastern region of Brazil. The material was washed with neutral detergent solution and dried in oven at 60 °C, for 6 h. The dry material was ground to 20-30 Mesh, using a knife-grinding machine (MA340/4, Brazil). The resultant powder was separated into different granulometries using granulometric sieves from 20 to 400 Mesh/Tyler, for 15 minutes and 5 rpm. Carnauba straw powder composition was determined according to the methodology reported by Goering and van Soest [18] , yielding the following values, in percentage: humidity (7.8 %); ash (3.8 %); hemicellulose (29 %); lignin (14 %); cellulose (41 %).
Carnauba straw powder treatments
After separation, it was observed that about 50% of material was retained at 100 and 150 Mesh sieves. Therefore these samples were chosen to be submitted to chemical treatments. The samples were submitted to two different chemical treatments, one using sodium
A., Cromoline Química Fina Ltd, Brazil) and the other, hexane (P.A., Cromoline Química Fina Ltd, Brazil). The alkaline treatment was carried out by immersing the powder in an aqueous 0.1 N NaOH solution, under constant stirring, at 40 °C, for 30 min. Subsequently, the powder was washed several times with distilled water, until neutral pH, and dried in oven at 50 °C for 24 h.
The treatment with hexane was carried out in a Soxhlet extractor, at 65 °C, for 6 h. The resultant powder was washed several times in distilled water for the removal of water-soluble substances and dried in oven at 50 °C for 24 h.
Composites preparation
Chitosan powder was purchased from Polymar Ltd, Brazil with a viscometric average molar mass, (M V ) of 1.9 × 10 5 , and a deacetylation degree of 85 ± 5 [19] . Acetic acid (99.5 %, Cromato Produtos Químicos Ltd, Brazil) was used as received.
Chitosan solution was prepared by dissolving a given mass of chitosan in a 2 % (v/v) acetic acid solution at room temperature, in order to obtain a 2 % (v/v) solution. Afterwards, the solution was filtered using a Millex Millipore with an average pore diameter of 0.41 µm. Carnauba powder was then added to the solution at concentrations of 10 and 50 wt%. Following, 100 ml of the mixture was casted on a glass plate with dimensions of 18.0×18.0 cm. The resultant film was oven-dried overnight at 50 °C. Once the film was dried, it was then neutralized using a 0.5 M NaOH solution and further dried at room temperature. The films were stored in desiccators until further use. Composites were named CSUNT10 (10 wt% of untreated carnauba powder), CSHEX10 (10 wt% of carnauba powder treated with hexane), and CSNaOH10 (10 % of carnauba treated with NaOH). Composites with 50 wt% of carnauba powder received similar names, replacing the 10 by 50, e.g., CSUNT50.
Powder and composites characterization
The main functional chemical groups in powdered samples were characterized by infrared spectroscopy, using an FTIR spectrometer (Nexus 470, Thermo Nicolet, USA), operating in the wavenumber interval of 4000-400 cm -1 in transmission mode, with a resolution of 4 cm -1 and 32 scans. Carnauba straw powder samples were prepared in the form of pressed KBr pellets.
Thermogravimetric analyses (TGA) were carried out in a Shimadzu equipment (model TGA-50, Japan) to measure the thermal stability of the powder and composites. All samples were scanned under a nitrogen flow rate of 50 mL/min, heating rate of 10 °C/min, and temperature ranging from room temperature to 600 °C.
Differential scanning calorimetry (DSC) was also performed in a Shimadzu equipment (model DSC 50, Japan), under a nitrogen flow rate of 20 mL/min, heating rate of 10 °C/min, and temperature range from room temperature to 450 °C.
The morphologies of the powders, before and after chemical treatments as well as the fracture cross section of the final biocomposites were examined using a Philips electronic scanning microscope (model XL-30, USA) equipped with a tungsten filament, operating at 20 kV, in SE (secondary electrons) mode. After the deposition of gold on the particle surfaces, micrographs with magnitude of 500, 1000x and 2000x were taken.
Tensile proprieties of the composites with 10 and 50 wt% of the carnauba straw powder were performed using a Dyna View (Oswaldo Filizola Ltd., Brazil) testing machine. Rectangular samples measuring 10×1.0×0.01 cm were tested at a crosshead displacement of 10 mm/min. Seven samples were tested for each composition and the average values were calculated.
Results and Discussion
Carnauba powder characterization
Granulometric results indicated that most of the powder was retained on the 100 mesh (25 %) and 150 mesh (27 %) sieves. Therefore, the samples used in this work are composed by the powder retained in the 100 and 150 mesh sieves, having an average particle size between 0.15 and 0.10 mm. Comparing the contents of cellulose, hemicellulose, and lignin from the carnauba straw powder with some other natural materials widely used as reinforcement in composite materials (e.g., jute, sisal, and linen) it can be found that carnauba straw powder has a lower cellulose content (40 %, compared to 60-80 % of other vegetable fibers) in detriment of a higher content of hemicellulose (~30 %, compared to 10-20 %) [20] . This content combination indicates that one have a soft, high humidity absorber, and biodegradable material.
Infrared spectra of carnauba straw powder, treated and untreated, are displayed in Figure 1 . All spectra show absorption bands characteristic of lignocellulosic compounds [21] as previously characterized [22] . Alkaline treatment resulted in a higher definition of the 3400 cm -1 absorption, possibly indicating an increase in hydrophilicity. Sanchez et al. [23] have correlated the increase in associated hydroxyl groups to the destruction Figure 1 . FTIR of untreated carnauba straw powder, treated with NaOH and with hexane.
of lignin and hemicellulose/cellulose interactions produced by alkaline treatment. There is also a reduction in the intensity at the absorption band at around 1740 cm -1 , corresponding to carbonyl vibration, after alkaline treatment, suggesting a partial removal of soluble components from the powder, i.e., hemicellulose and a small part of lignin. Elimination was only partial probably due to the mild conditions used in this work. The sample treated with hexane did not show any significant change in the infrared spectrum. Figure 2 presents the three DTG and DSC curves obtained for the untreated powder, powder treated with hexane, and with alkali. The results show that for the untreated powder three events can be identified: a weight loss of about 6 % in the temperature range of 35 to 81 °C, attributed to the loss of water, followed by other of 56 % at 296 °C, and a third one of ca. 13 %, at 497 °C. For the treated powders the weight losses relative to intra-and intermolecular dehydration reactions are virtually the same, although they happen at slightly lower temperatures. The first substantial difference observed is at the first and second degradation events, which occurred as a unique step for the untreated sample and seems to be split into two after chemical treatments. Besides, the weight loss at the second event at ~500 °C decreases from 13 % on the untreated powder to about 8 % on the chemically treated samples. According to the literature [24, 25] , thermogravimetric curves of lignocellulosic materials generally present characteristic peaks of two of their main components: hemicellulose and cellulose. In case of the third component, lignin, it has been reported that, due to its complex structure, its degradation occurs very slowly, at a wide temperature range [25] . Still according to the literature, the first step of degradation is associated to hemicellulose depolymerization, cellulose degradation occurring at higher temperature rates (compared to hemicellulose) [25] . Some authors point out that the peak at ca. 500 °C can be attributed to carbonization residue [24] . The results confirm the tendency observed from FTIR results: the alkaline treatment partially removed hemicellulose (weight loss decline from 56 % to 28 %) and with this reduction the event related to cellulose degradation became more evident. There is also a reduction in the third event related to carbonization residue. Finally, the results show that, although hexane treatment is not as effective as the alkaline one, it is also capable of partially removing soluble components (hemicellulose and lignin).
DSC curves for the carnauba powders are shown in Figure 2b . The three thermograms begin with an endothermic peak (26-100 °C), corresponding to the dehydration step. The second peak is exothermic, begins around 220 °C, with maxima at 282 °C for the untreated powder, 287 °C for the powder treated with alkali and 285 °C for the powder treated with hexane. This second peak is clearly related to the degradation of hemicellulose, since it occurs at the same temperature range observed on thermogravimetric analysis. There is also a third peak, with maxima at 341 °C for the untreated powder, 348 °C for the powder treated with alkali, and 349 °C for the powder treated with hexane. This third peak is exothermic for the untreated powder and endothermic for the treated ones. According to the literature [26] , one can find in this region an endothermic peak related to the decomposition of cellulose as well as an exothermic peak related to the pyrolysis of lignin. Comparing thermograms of treated and untreated materials one can observe that the endothermic peak of cellulose, located at the same region of the exothermic peak of lignin, is present only for the treated samples. Besides, the endothermic peak is more evident in the powder treated with alkali, indicating, again, the efficiency of this treatment in the removal not only of hemicellulose, but also of lignin. Figure 3 shows electron micrographs of the surface of the untreated and treated powders studied in this work. The micrographs show a randomly distributed organic material that covers the powder surface. This organic material is probably a residue of wax left after its extraction. It is also possible to observe parenchyma cells at the surface of the powder. Apart from parenchyma cells, some ordered white dots can also be identified (magnified in Figure 3d ). These star-like protrusions, named tylose, have already been found in coir [27] and piassava fibers and have been characterized by EDS as Si rich particles [28] . According to the photomicrographs, the treatments promote partial removal of the wax layer yielding a rougher and cleaner surface. Also in this case, alkaline treatment seems to be the most effective one.
Composite characterization
Results from thermogravimetric analysis of untreated carnauba powder-chitosan composites are shown in Figure 4 . Untreated powder was chosen because, as it will be showed below, it presented the best performance in terms of mechanical properties. According to the results, the presence of carnauba powder did not cause significant changes either in the amount of water in the composites or on its release temperature. Besides, its is also shown that the second event, which occurs in a single step for pure chitosan, changes to a two stepped degradation profile, with a small shoulder at ~ 360 °C that increases as powder content is increased. This peak is probably related to the cellulose component depolymerization, yielding volatile products [24] . It is important to point out that although carnauba powder has a degradation temperature lower than the chitosan one, the composites have a degradation temperature similar to pure chitosan, indicating that the powder, even at high loadings, does not reduce the thermal stability of the composites.
Mechanical properties
The average tensile stress-strain curves of carnauba straw powder/chitosan biocomposites with 10 % and 50 % of carnauba powder (treated and untreated) are outlined in Figure 5 and Table 1 . All curves were recorded until the samples were completely fractured. In general, the addition of carnauba powder to chitosan has significantly modified the profile of the stress-strain curve as compared to the pure chitosan film, typically the elastic modulus, strain at break and rupture tension. By comparing the tensile strength results of pure chitosan films (Table 1) with chitosan containing 10 % of carnauba powder, it is observed a decrease in rupture tension and strain at break although modulus remained essentially constant. On the other hand, when comparing pure chitosan film tensile strength with the one related to chitosan biocomposite containing 50 % of carnauba powder, it is observed a dramatic decrease of all measured parameters, including elastic modulus. In fact, the literature has shown that a reinforcing effect usually is achieved using very low amounts of particulate fibers (from 1 % to 5 %) [29, 30] . For higher load contents, the decrease in tensile strength is normally attributed to insufficient incorporation of this high filler amount and/or poor interfacial adhesion between filler and composite matrix. For the biocomposite containing 10 % of carnauba powder, biocomposites with untreated powder yielded the best results. On the other hand, for the biocomposite containing 50 % of carnauba powder, despite the decrease in tensile strength, indicating an insufficient incorporation of filler, chemically treated powders seemed to positively contribute to composite final mechanical properties. Literature has cited several and sometimes contradicting effects of chemical treatments on the tensile properties of lignocellulosic materials [29, 30] . These effects are not solely a function of experimental conditions (time, temperature and concentration) but also of material chemical composition, its origin and growth condition. Concerning alkali treatment, the improvement in strength is usually related to surface impurity removal (supported here by SEM results), in addition to the partial dissolution of hemicellulose (evidenced by infrared spectra). Conversely, the reduction in strength caused by alkaline treatment can be attributed to the dissolution of alkali soluble components, creating voids in the powder structure, which results in sharp drop in tensile properties. Figure 6 shows cross section electronic micrographs of biocomposites with 10 % of carnauba powder untreated and treated with NaOH and hexane with magnification of 2000x. From the micrographs it is possible to notice that the composite using untreated powder presents better powder/matrix adhesion indicating that the chemical treatments were not effective in increase it. These results corroborates the ones obtained by mechanical tests and confirm the voids generated by chemical treatments decreases the powder/matrix contact, which results in a decreases in tensile properties.
Conclusions
To the best of our knowledge, an investigation of the chemical composition, thermal stability and tensile properties of carnauba straw´s powder and in biocomposites with chitosan is firstly reported. The chemical analysis showed that carnauba straw's powder had lower cellulose content (40 %) in detriment of a higher hemicellulose one (29 %), compared with other lignocellulosic materials. By FTIR it was possible to conclude that treatment with alkali, although more effective than the one with hexane, removed hemicellulose and lignin only partially and therefore more severe experimental conditions are necessary for a complete removal. Hemicellulose contributed the most to the mass loss rate at temperatures below 300 °C and cellulose was dominant for the mass loss at temperatures above 300 °C. Lignin contributed the least to the mass loss, and the most to the residues. SEM results allowed us to conclude that the chemical treatment removed organic material existent at the powder surface, alkali treatment being the most effective. From biocomposite's thermograms it was possible to observe that although carnauba powder presented a lower degradation temperature than chitosan, its presence in the biocomposite did not reduce the thermal stability of the biocomposite. From mechanical tests it was possible to conclude that the composition with 10 % of untreated carnauba powder was the best one in terms of biocomposite final mechanical properties. Carnauba straw powder reinforced chitosan biodegradable composite may prove as an alternative to pure chitosan film with cost reduction and similar elastic modulus.
